Factor VIIa (EC 3.4.21.21) is a trypsin-like serine protease that plays a key role in the blood coagulation cascade. On injury, factor VIIa forms a complex with its allosteric regulator, tissue factor, and initiates blood clotting. More importantly, a surface-exposed ␣-helix in the protease domain (residues 307-312), which is located at the cofactor recognition site, is distorted in the free form of factor VIIa. This subtle structural difference sheds light on the mechanism of the dramatic tissue factor-induced enhancement of factor VIIa activity.
Coagulation factor VIIa (fVIIa, EC 3.4.21.21) and other enzymes of the clotting cascade (1), such as factor Xa and thrombin, belong to the family of trypsin-like serine proteases. fVIIa possesses a modular organization with an N-terminal, membrane-binding ␥-carboxyglutamic acid (Gla)-containing domain, two epidermal growth factor (EGF)-like domains, and a C-terminal serine protease domain (2) . The active form of the enzyme, comprising a light chain (152 residues) and a heavy chain (254 residues) linked by a disulfide bond, is generated by the cleavage of the Arg-152-Ile-153 peptide bond ({15-16}; hereafter, trypsin numbering is given in curly brackets) located between the second EGF-like domain (EGF2) and the protease domain. This internal peptide bond cleavage unleashes the activity of the trypsin-like enzymes by facilitating the maturation of their catalytic machinery (3) . fVIIa is unusual, however, in that it remains in a zymogen-like state after cleavage and only becomes an efficient catalyst when associated with its protein cofactor, tissue factor (TF). Thus, a quiescent state of the clotting cascade is maintained as long as TF is physically separated from its ligand, fVIIa. The two proteins form a complex at the site of injury, where extravascular TF becomes exposed to the blood, and fVIIa triggers blood coagulation by autoactivating fVII and activating factors IX and X (1) . In addition to acting as an allosteric regulator, TF colocalizes fVIIa and its substrates and places the active site of fVIIa at the proper distance above the surface of the membrane for alignment with the scissile bond (4) .
The crystal structure of fVIIa in complex with the extracellular part of TF (sTF) reveals an extensive interface between the two proteins encompassing all four domains in fVIIa, with the light chain contributing the majority of the binding energy (5) , and both extracellular domains of TF (6, 7) . The intradomain structural changes that accompany the allosteric enhancement of fVIIa's activity appear to be confined to the protease domain (8) , but the precise molecular switch by which TF turns on fVIIa remains elusive. Experimental data demonstrate conformational linkages between the TF binding site, the active site cleft, and the macromolecular substrate exosite in the protease domain of fVIIa (9) . An understanding of the mechanism of TF-induced enhancement of fVIIa's activity is of interest not only in terms of blood coagulation but also given fVIIa's wider role in signal transduction (10) and metastasis (11) . In an attempt to unravel the detailed structural changes that underlie this potentiation, we have determined the structure of Gla-domainless fVIIa (GD-fVIIa) in isolation. Here, we compare the structure of GD-fVIIa with that of fVIIa from a previously published complex with TF (hereafter referred to as fVIIa sTF ) (6).
MATERIALS AND METHODS
Protein Preparation, Crystallization, and Data Acquisition. Recombinant human fVIIa was produced, inhibited with DPhe-Phe-Arg chloromethyl ketone (FFR), and deprived of the Gla domain (residues 1-44) by digestion with cathepsin G as described (12) . The resulting GD-fVIIa was purified by chromatography of the digest on a column of Q-Sepharose Fast Flow (Amersham Pharmacia) equilibrated with 20 mM Tris/2 mM EDTA (pH 9.0) and eluted with a linear NaCl gradient from 0 to 0.4 M. Crystals of GD-fVIIa were grown by using the sitting-drop vapor-diffusion method. Drops composed of a 2:1 ratio of protein (12-20 mg/ml in 50 mM NaCl/10 mM Tris, pH 8) to reservoir solution were equilibrated against reservoir solution (50 mM NaCl/10 mM CaCl 2 /3.5-3.7 M sodium formate in 100 mM Tris, pH 8.5). Large tetragonal crystals, belonging to space group P4 3 with unit cell dimensions a ϭ b ϭ 117.96 Å, c ϭ 100.44 Å, grew within 1-2 weeks. To optimally cryoprotect the crystals, the mother liquor was replaced by a solution containing 50 mM NaCl/10 mM CaCl 2 /5% (wt/vol) xylitol/3.3 M sodium acetate in 100 mM Tris (pH 8.5), and the concentration of xylitol was increased to 35% in 5% steps over 3 hr. Crystals treated in this way belong to space group P4 3 22 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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(a ϭ b ϭ 115.3 Å, c ϭ 98 Å) and have a single molecule per crystallographic asymmetric unit. Data were collected to a resolution of 2.8 Å at 120 K on a MAR image plate detector mounted on beamline BW7B (ϭ0.8342 Å) at the European Molecular Biology Laboratory Hamburg Outstation (DESY/ Hamburg, Germany). The data were indexed, reduced, and scaled by using DENZO and SCALEPACK (13) . Data processing statistics are given in Table 1 .
Structure Determination. The position of the protease domain was determined by molecular replacement (14) (AMORE) using the protease domain from the fVIIa-TF complex (6) as a search model (PDB code: 1dan). The positions of the two remaining EGF-like domains were revealed by the resultant sigmaa-weighted 2͉F o ͉ Ϫ ͉F c ͉ electron density map calculated after 5 cycles of refinement of the correctly positioned protease domain with REFMAC (15) . The coordinates corresponding to each EGF-like domain (PDB code: 1dan) were manually fitted to the electron density and subjected to rigid-body refinement. This initial model was then refined with REFMAC by using all data (5% flagged for R free ) and incorporating a bulk solvent correction as calculated by X-PLOR (16) . During subsequent rounds of refinement and rebuilding, the linker region between the two EGF-like domains, the protease inhibitor, carbohydrate moieties, and solvent molecules were added to the model. Solvent molecules that refined to a B factor Ͼ70 Å 2 were removed. The final model, comprising 2,928 atoms, has an R cryst and R free of 21.5 and 26.7, respectively, for all data between 35 and 2.8 Å. Refinement and model validation statistics are given in Table 1 . All model building was carried out by using QUANTA (Molecular Simulations, Waltham, MA).
The final model comprises most of the light chain, the entire heavy chain (Ile-153-Pro-406 {16-257}), 5 carbohydrate moieties, the D-Phe-Phe-Arg methylene covalent inhibitor, 1 putative calcium ion, and 84 water molecules. The first four (Ser-45-Asp-48) and last eight (Asn-145-Arg-152) residues of the light chain and residues Arg-315-Lys-316 {170C-170D} of the heavy chain are disordered and have not been included in the final model. The side chains of several surface residues were also not visible in the final map and have been truncated to their C ␤ atoms (light chain: Lys-62, Glu-77, Lys-85; heavy chain: Lys-199 {60C}, Arg-202 {62}). Residues Ser-103-Ser-111 of the light chain are disordered in the structure and have been modeled in two alternate conformations.
RESULTS AND DISCUSSION
Light Chain of GD-fVIIa. The light chain forms a narrow stalk Ϸ65 Å in length on which the spherical protease domain sits (Fig. 1a) . The EGF2 domain and the protease domain associate into the compact structural unit that is common to factors VIIa (6), IXa (18) , and Xa (19) (20) (21) and to activated protein C (22) . The first EGF-like domain (EGF1) extends away from this compact core at an angle of 120°to yield a molecule with a linear length of Ϸ90 Å.
The EGF-like modules are stacked approximately ''end-onend'' to yield an elongated domain arrangement. There is minimal contact between the two domains with a single stabilizing hydrogen bond between the N ␦ 2 of Asn-93 and the main-chain carbonyl of Lys-85. The EGF1 domain is, however, rotated Ϸ180°about the linker hexapeptide (residues 85-90) compared with its position in the fVIIa sTF structure (Fig. 1b) . The positioning of the EGF1 domain in the GD-fVIIa structure is also different from that adopted by the corresponding region in factor IXa (18) and protein C (22) . This different relative orientation reflects both the inherent flexibility of the linker region and the environment of this domain in the two structures and supports the proposal that fVIIa's association with TF reduces the internal flexibility of the light chain through the stabilization of a particular orientation of the EGF1 and Gla domains (6) . Interestingly, the different orientations of EGF1 in the two fVIIa structures arise from a single change in the main-chain torsion angles of Gln-88.
In the present structure, the precise orientation of EGF1 appears to be largely dictated by crystal-packing forces and therefore probably represents only one of a number of possible positions that are accessible to this domain in solution. It is noteworthy that the same face of the EGF1 domain that interacts with TF also participates in the intermolecular crystal contacts seen here. Despite the difference in relative orientation of the two EGF-like domains, they exhibit essentially identical conformations in the free and sTF-complexed structures having C ␣ rms differences of 0.49 Å (EGF1; residues 49-84) and 0.54 Å (EGF2; residues 91-142) after superposition. However, in contrast to fVIIa sTF , the calcium-binding site located at the N-terminal end of EGF1 is only partially formed and unoccupied in GD-fVIIa despite the inclusion of 10 mM calcium in the crystallization medium. Removal of the Gla domain is known to decrease the calcium affinity of the corresponding site in bovine factor X (23), and poor occupation of this site is also observed in the crystal structure of human Gla-domainless factor Xa (21) . Although this truncation does not remove any of the Ca 2ϩ -coordinating residues per se, it appears to disrupt their positioning and leads to the destabilization of the binding site. In fact, Asp-46 and Gly-47, two of the equatorial calcium-coordinating groups, are poorly ordered and not visible in the electron density. Residues Asp-63-Ser-67 also adopt a different conformation in the present structure compared with the corresponding region in fVIIa sTF . This is presumably also because of the disruption of the calcium-binding site as inferred from the solution structure of the apo form of the EGF1 domain from fVII (24) .
Protease Domain (Heavy Chain) of GD-fVIIa. The differences in the protease domain structure between the free and complexed forms of fVIIa are relatively minor and primarily restricted to the loops flanking the active site cleft. The C ␣ rms difference between the two structures is 0.66 Å (252 equivalent atoms). Because of the presence of the active site inhibitor, the protease domain exhibits an ''active'' conformation with the N terminus correctly inserted. This insertion is a prerequisite for protease activation because it facilitates the formation of both the S1 recognition pocket and the oxyanion hole (25) . The conformational changes induced by the inhibitor appear to be sufficient to stabilize the critical salt bridge between the ␣-amino group of Ile-153 {16} and the side chain of Asp-343 {194}. This observation is consistent with the protection of the ␣-NH 2 group against carbamylation induced by either TF binding (26) or chloromethyl ketone inhibitor incorporation (27) . A similar induction of a mature catalytic machinery is also observed on the binding of pancreatic trypsin inhibitor to trypsinogen (28) . There is clear density at the high-affinity calcium-binding site in GD-fVIIa, but the temperature factor for the modeled calcium ion is very high (73 Å 2 ), suggesting that the site may only be partially occupied.
The most striking structural difference is observed for residues Leu-305-Glu-325 {163-178}. This region in fVIIa sTF is composed of a short ␣-helix (307-312 {165-170}) followed by a loop that defines the outermost face of the active site cleft's aryl-binding subsite. The N-terminal portion of the helix forms part of the interface between the protease domain and TF and contains a number of residues that are important for proteolytic function and optimal binding to TF (29) . For these reasons, this region has been proposed to act as the allosteric control site in the TF-mediated activation of fVIIa (6, 9) . part of the molecule, which is reasonably well defined apart from the region encompassing residues 315-316. The average temperature factor for the Leu-305-Glu-325 region is 55 Å 2 , even though residues 317-319 have high individual B values. A similar degree of thermal mobility is also observed for this surface-exposed loop region (315-319) in the fVIIa sTF structure (6) . In the GD-fVIIa structure, this ''transmitter helix'' (307-312) is distorted (to 3 10 ) and shortened by three residues. The whole region is also shifted by between 0.5 Å and 3 Å toward the active-site cleft relative to its position in the fVIIa sTF structure. This movement has a knock-on effect on the positioning of two neighboring loops (Tyr-332-Ser-339 {184 -190} and Thr-370 -Phe-374 {221-225}), which are shifted away from the active site in the GD-fVIIa structure. It is noteworthy that, in trypsin, these loops form part of the activation domain that is stabilized on conversion of the zymogen to the enzymatically active form (25) . However, interpretation of this structural transition is complicated by crystal-packing contacts that may be responsible for the difference between GD-fVIIa and fVIIa sTF . Nonetheless, the flexible nature of this portion of fVIIa is clearly highlighted.
The conformation of the Leu-305-Glu-325 region of GDfVIIa is also affected by the N-linked oligosaccharide chain that is attached to Asn-322 {175} in the disulfide-bridged loop (Cys-310-Cys-329 {168-182}) that follows the transmitter helix. Two N-acetylglucosamines and a fucose are well defined in the electron density maps, but the remainder of the oligosaccharide chain is poorly ordered and could not be reliably modeled (Fig. 2) . The visible carbohydrate groups are directed away from the body of the protein and do not restrict access to the active-site cleft. This positioning is consistent with the nonessential role of the N-linked carbohydrate in proteolytic function and TF-binding (30) but does not preclude its involvement in substrate recognition. The carbohydrate attachment participates in essential intermolecular contacts. The fucose is wedged in a shallow depression on the surface of an adjacent molecule formed by Phe-275 {129F}, Arg-277 {134}, and Met-306 {164} (Fig. 2) . To fulfil these packing contacts, the residues flanking the carbohydrate attachment site (Ser-320-Ile-323 {170H-176}) are shifted 1.6 Å toward the body of the protein resulting in a narrowing of the aryl binding subsite of the active site. Inhibitor-Binding Mode. The inhibitor chosen for the present study, FFR, is the same as that used in the fVIIa-sTF complex. It is covalently attached to both the active-site serine (Ser-344 {195}) and histidine (His-193 {57}) and occupies the S1-, S2-, and aryl-binding subsites. The binding mode of the inhibitor, which is well defined in the electron density, is surprisingly different in the structures of GD-fVIIa and fVIIa sTF with an all-atom rms difference of 1.5 Å. In both structures, the attachment to the protein and the binding of the arginine side chain in the S1 recognition pocket are identical. However, the orientation of the phenylalanine side chain in S2 and the positioning of the N-terminal D-Phe in the aryl-binding site differ significantly (Fig. 3) .
The N-terminal D-Phe is positioned so that the face, rather than the edge of the side chain, packs against Pro-321 {170I}. This change is accomplished by a 1 Å shift in the C ␣ position of the D-Phe coupled with a 1 rotation of 120°and adjustments in the main-chain torsion angles of the two phenylalanines. Despite the shift in C ␣ position, the hydrogen bonds between the main-chain groups of the D-Phe and Gly-365 {216} are maintained. This alteration in the positioning of the D-Phe appears to be a direct result of the narrowing of the cleft induced by the shift in the 320's loop described above. In the S2 subsite, the benzyl side chain of the L-Phe is thrust deeper into the pocket and sandwiched between the imidazole ring of the active site histidine (His-193 {57}) and Thr-239 {99}. The driving force behind this side-chain rotation is less clear but probably relates to the removal of the potential T stack interaction with the benzyl side chain of the D-Phe present in the fVIIa sTF structure. Although crystal contacts clearly affect the way in which the side-chain moieties of the FFR inhibitor are positioned within the active site cleft of GD-fVIIa, its overall binding mode is very similar to that observed for the analogous tripeptidyl D-Phe-Pro-Arg inhibitor complexed with thrombin (31), factor IXa (18), and activated protein C (22) . The unusual orientation of the D-Phe in the aryl subsite of the fVIIa sTF structure (6) is therefore rather intriguing and may reflect a role for TF in substrate binding.
Implications for the Triggering of Blood Coagulation. One absolute requirement for optimal macromolecular substrate conversion by the vitamin K-dependent coagulation factors is a mature active site cleft. fVIIa is unique among these factors in that its zymogen-to-enzyme transition is labile, i.e., its active conformation and consequent amidolytic activity are cofactordependent. The observation that the 307-312 {165-170} helix is distorted in free GD-fVIIa sheds light on the mode by which TF enhances fVIIa's activity and hence, triggers blood clotting. However, it should be kept in mind that the elucidation of the complete structural impact of TF on fVIIa is masked by the presence of the FFR inhibitor in GD-fVIIa.
The transmitter helix (residues 307-312) may be destabilized in GD-fVIIa because of the lack of a traditional N-capping residue at position 306 {164}. Serine proteases that express constitutive, cofactor-independent activity, e.g., factor Xa (19-21), thrombin (31) , and trypsin (25) , have an Asp or Glu residue at this position and exhibit a helical conformation. Asp is the most commonly found residue in the capping position immediately prior to a helix (32) . In contrast, this position in fVIIa is occupied by a conserved Met residue and, instead, fVIIa appears to rely on TF to provide the N-capping function for this ␣-helix (Fig. 4) . In the complex between fVIIa and TF (6), Met-306 {164} is sandwiched in a hydrophobic groove on the surface of TF with the side chains of Glu-91 and Tyr-94 capping the 307-312 helix (Fig. 4b) . The importance of the lock-and-key interaction of TF with Met-306 {164} for the allosteric activation of fVIIa can be inferred from mutagenesis studies. The functional deficit of the fVIIa-TF complex introduced by mutation of Tyr-94 in TF is more dramatic than anticipated (33) , considering the small energetic contribution of this residue to fVIIa binding (34) . In addition, Met-306 and adjacent residues in fVIIa were found to influence the proteolytic activity of the complex but barely decrease the affinity of fVIIa for TF (29) .
Stabilization of the 307-312 {165-170} helix appears to be a prerequisite for the proper formation of the activation domain. The helix lies in a region adjacent to the activation domain of fVIIa and is attached to the body of the protein via the Cys-310-Cys-329 {168-182} disulfide bridge. The TFinduced helix stabilization appears to promote the formation of the hydrogen bond between the amide of Arg-315 {170C} and the carbonyl of Gly-372 {223} (6) . This interaction links the helix to the activation domain and positions the side chains of Arg-315 {170C} and Lys-316 {170D} properly for C capping of the helix. Because of structural disorder, residues Arg-315 and Lys-316 are not resolved in GD-fVIIa. When bound to TF, the activation region of fVIIa contains a well defined hydrogen-bonded network of water molecules that is stabilized by both the 307-312 {165-170} helix and the amino group of the N-terminal Ile-153 {16} (6) . In addition, active site occupancy adds to the stabilization of the activation domain. Consequently, the structure of the activation region is less defined in GD-fVIIa. The flexibility of this region in free fVIIa is supported by the susceptibility of the Cys-310-Cys-329 and Cys-340-Cys-368 disulfide bonds to reduction (35) .
It therefore appears that fVIIa has evolved to contain a Met residue in position 306, whereas constitutively active serine proteases have a residue suitable for N-terminal capping of an ␣-helix in the corresponding position. The resulting unstable 307-312 {165-170} helix, and the consequently disordered activation domain, prevents the expression of fVIIa activity in the absence of TF and ensures an optimal temporal and spatial procoagulant response to injury.
